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[HE BOTANICAL REVIEW 
INTRODUCTION 


In contrast to the indirect use of radiation in tracer techniques 
or the direct cause and effect phenomena that characterize its use 
in sterlilization and tood preservation, the induction by radiation 
and usage of beneficial genetic variants are in a different category 
of complexity. Here the event of an ionizing radiation causing a 
change in the fundamental hereditary material is only the begin- 
ning of a chain of circumstances. The change is first at a molecular 
level; it is then taken up by the self-reproducing chromosome units; 
there is recombination with the residual genotype; and the reaction 
of the genotype with the environment becomes involved. Then the 
influence of man is felt in selecting those genotypes which meet 
his particular needs and there is the multiplication of these individ- 
uals and populations which carry the desirable inherent qualities at 
the expense of others. Thus a whole series of events occurs, not 
predictable in terms of the physical or chemical properties of the 
initial response, so that artificial alteration of a single locus, 
in a single chromosome, in a single organism could conceivably 
result in such a divergent phenomenon as the growing of a new 
variety of plant throughout a large area. 

It is commonly stated that the use of radiation in agriculture to 
improve crop plants represents a new departure from conventional 
methods. A more meaningful comparison than that of “mutation 
breeding” vs. “conventional breeding” may be made by considering 
the relation of both methods to experimental evolution—defined 
in this context as the experimental modification of gene frequen- 
cies in populations. There are four evolutionary forces that in- 
fluence gene frequency. They are mutation, gene migration or the 
consequences of hybridization, selection, and chance. In conven- 
tional breeding methods the store of natural variability, either 
present in the sample population initially or introduced through 
hybridization, is subjected to recombination and selection, and the 
frequency of favorable combinations of genes is thereby increased 
and fixed. The initial variability is, however, provided only through 
spontaneous mutation. Spontaneous mutations occur at such low 
frequencies that it is not usually considered practical to await the 
appearance of desirable ones; so the conventional methods of plant 
or animal improvement stress selection and, where necessary, 
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hybridization in order to accomplish a favorable shift in gene 
frequency. 

So-called “mutation breeding” differs in that there is initial em- 
phasis on induction of desired hereditary changes, rather than on 
utilization of existing variability. After variability has been pro- 
duced artifically, as with radiation, the techniques of selection and 
testing are no different from those employed in conventional 
methods. 

It is the experience of genetics that when an organism is studied 
extensively enough genetically, as, e.g., maize and Drosophila, 
the conclusion appears justified that all parts and processes of the 
organism are under the control of genes. It is further the experience 
of genetics that all genes are subject to mutation. If these two state- 
merits are correct the inevitable conclusion is that all parts and 
processes of an organism are capable of being altered by mutation. 

Although the naturally occurring or spontaneous mutations 
have in the past provided the basis for improvement of all cul- 
tivated plants and domesticated animals, we are not satisfied with 
the accomplishment. We are not only dissatisfied, but are also im- 
patient. We seek to control more effectively and to speed up 
appreciably the tailoring of useful plants and animals to meet our 
needs. It may even be necesssary to speed up the controlled evolu- 
tion of organisms vital to Our existence in view of the rapid altera- 
tions that humans are causing in the fauna, flora and available 
habitats over a large part of the earth’s surface. Consider, for 
example, the increasing menace from pathogenic organisms attack- 
ing crop plants when relatively uniform homozygous genotypes, as 
of wheat, are grown over large areas. This situation accounts in 
part for the strong interest in the induction or selection of disease- 
resistant mutants in the small grains in this country. 

Once the fact is established that it is possible to produce bene- 
ficial or progressive mutations—i.e., that not all artificially induced 
mutations are detrimental—then the question of using the method 
in agriculture becomes largely one of economics (56). Is it eco- 
nomical to launch a program in plant improvement using radiation 
to induce mutations? To what particular circumstances is it applic- 
able? Can the desired mutants be produced with sufficient fre- 
quency? Can techniques for recognizing and screening the im- 
proved forms be refined for practical use? — 
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HISTORICAL RESUME 

The effects of ionizing radiations on plants have been studied 
since the early 1900's, but through the 1920's publications on 
this subject emphasized only morphological and physiological re- 
sponses. It remained for Muller and Stadler to provide in 1927- 
28 the first definite evidence that the appearance of sudden 
heritable changes in plants and animals is greatly increased in 
frequency by ionizing radiations. That this method might be used 
to increase variability in crop plants was recognized early by a 
few geneticists and plant breeders in Sweden, Germany and Russia. 

In 1929 Nilsson-Ehle and Gustafsson (37) began experiments 
using irradiation to induce mutations in cultivated plants. In 1934- 
35 the first promising mutants in barley—dense-eared, stili-strawed 
types called erectoides—were produced. In 1940 investigations 
were started at Svalof according to a comprehensive program which 
included induction of X-ray mutations in a number of agricultural 
plants and also a study of the mechanism of induction 

In Russia, during the 1930's, studies were made on the poten- 
talities of radiation as a tool in plant breeding. Delauney (15) 
and Sapehin (72) both produced mutations in wheat and published 
results indicating that the method has definite possibilities. Their 
studies might well have flowered into genuinely profitable contribu- 
tions had they not been eclipsed by the chicanery of Lysenkoism. 

In Germany the early work of Stubbe on mutations induced in 
plants by radiation was followed by investigations of a more ap- 
plied nature (83). In 1942 Freisleben and Lein (23) reported 
positive results on the induction of resistance to mildew in barley, 
and by 1944 they had isolated 92 induced mutations in one variety 
of barley (24). These studies are being continued in Germany, 
useful mutations having been reported as induced in barley (4, 
41), wheat (68), flax (42), soybeans (90) and black currant (5). 
In Austria, Hansel and Zakovsky (39) found evidence that by 
radiation of barley, resistance to mildew may be produced as 
frequently as lethal albino chlorophyll variants. 

4.he statement is often made that work on the induction of 
bevieficial mutations was not undertaken in this country until after 
the potentialities had been demonstrated in Europe. However, 
attention should be drawn to a paper by Horlacher and Killough 
(44) in 1933 entitled “Progressive Mutations Induced in Gos- 
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sypium hirsutum by Radiations.” They say—‘Mutations which 
are progressive have been produced in cotton by x-ray treatment 
of dry seeds. These mutations consist of: 

(1) A mutation from forked leaf shape to normal leaf shape. 

(2) A mutation from virescent yellow leaf and plant color to 
normal green leaf and plant color. 

The mutation rate in each case was less than one percent”. 

Evidence was also presented for reversible mutations, that is, 
from normal leaf to forked, and from green to virescent yellow 
leaf. It is of interest to note that radiation of dry seeds was used, 
the method which today has been most productive of beneficial 
mutations. 

It is true that there was little research or confidence in the po- 
tentialities of radiation-induced mutations for agriculture on the 
part of American plant breeders until the 1950’s. In Canada in 
1950 Shebeski began a program in induced mutation and, in 
1954, he and Lawrence (74) reported the induction of beneficial 
mutations that conferred stem rust resistance and stiffer straw in 
barley. Concurrently, Konzak (50) at the Brookhaven National 
Laboratory and Frey (25) at Iowa State College published posi- 
tive results on inducing stem rust resistance in oats. 

In the past few years a number of workers in this country (76). 
in Europe (60) and in Asia (12, 45, 46, 49) have reported the 
induction of beneficial mutations in an increasing variety of ma- 
terials. The recent interest has developed concomitantly with the 
expansion of atomic energy programs and the general availability 
of more sources of radiation. 


TYPES OF RADIATION AND THEIR EFFECTS 


Six kinds of radiation have been used most extensively to induce 
mutations. These are: X-rays, A-ray, 8-rays, fast neutrons, slow 
neutrons, and ultraviolet rays. 

The first two, X-rays and A-rays, are electromagnetic radia- 
tions of very short wavelength. Their energy may be absorbed 
by atoms in the tissue through which they pass, causing an ejection 
of planetary electrons and thus resulting in ionizations and conse- 
quent changes in chemical reactivity. Kinetic energy in the ejected 
electron produces further ionizations. The biological effects result 
from paths of ionizations, of relatively low or sparse ion density, 
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produced along the track of the ejected electron. Genetic altera- 
tions may be effected through direct change in the gene molecules 
or indirectly through other chemical changes in the cell 

Since the biological effects of X-rays and A-rays are pro- 
duced by the ejected high-speed electron, it follows that similar 
results can be obtained by direct bombardment with electrons, i.e., 
8-particles of comparable energies, but these do not penetrate tissue 
for more than a few mm. However, certain radioisotopes, such as 
P**, emit 8-particles during atomic disintegration, and can be 
administered so as to reach the region of actively dividing cells. 
In addition, since P** is transmutated into sulfur (S‘*) as it dis- 
integrates, this may have additional disruptive effects, leading to 
mutation if the radioactive isotope has become incorporated in the 
genetic material. 

Neutrons are electrically neutral particles and in a somewhat 
different category. Fast neutrons cause ionization indirectly by col- 
lision with nuclei of atoms, mostly hydrogen, in the tissue. Their 
biological effects are almost wholly due to the densely ionizing 
protons from hydrogen, whereas the effects of (-particles and 
X-rays are due primarily to sparsely ionizing electrons. Slow 
neutrons produce their effects as a result of radiations emitted 
following transmutation reactions that occur when they are cap- 
tured by nuclei of elements in the tissues penetrated, or by later 
decay of radioisotopes produced. An important biological reaction 
is the transmutation of nitrogen in which a proton is emitted and 
dense ionization is caused in the neighborhood of the capture event. 

The third distinctly different kind of radiation that has been 
used to induce mutations, namely, ultraviolet rays, primarily 
causes excitation and photochemical reactions through selective 
absorption by cellular constituents, mostly nucleic acids, in pro- 
ducing genetic effects. UV rays do not penetrate tissues appreciably, 
so that mutation studies with higher plants using this agent have 
been confined to analyzing the results of pollen treatments. 

Differential biological effects of irradiation have been interpreted 
mainly in terms of different ion densities and of the relative im- 
portance of ionization vs. excitation in the reactions involved. 
Both gene mutations and chromosome breakage result from the 
dissipation of the initial radiant energy into ultimate chemical 
reactions. 
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INDUCED MUTATIONS VS. CHROMOSOMAL BREAKAGI 


AND SPONTANEOUS MUTATIONS 


The question of whether ionizing radiations, or any other muta- 
gens, are capable of inducing true “point” mutations or “intragenic” 
mutations, unaccompanied by breaks in and rearrangements of 
chromosomes, has been a subject of much debate and experimenta- 
tion. Its eventual resolution depends on further understanding of 
the relation between the longitudinal cohesive forces holding the 
chromosome intact and the functioning of the ultimate units of 
heredity. A detailed discussion of investigations in this field is not 
within the scope of this paper. 

In a recent discussion of the problem in relation to spontaneous 
mutation, Muller (61) has stated: “The best answer we have to 
this question lies in the mass of data obtained in X- and gamma 
ray experimentation on Drosophila which shows that, despite the 
production of clear-cut deficiencies and other structural changes, 
a very large proportion of the seéming point mutations, and espec- 
ially of those induced in stages with extended chromosomes are 
in no known way distinguishable from the mutations that have 
arisen spontaneously. In fact, experience shows that every spon- 
taneous mutant of Drosophila can, if thoroughly searched for, also 
be found after X-ray treatment.” Giles (29) has shown for certain 
loci in Neurospora that changes occur in both directions: induced 
so-called forward mutations, from wild-type to mutant phenotype, 
can be induced to back-mutate to an essentially wild type. 

It is a concept of considerable practical importance that the 
gene mutations caused by ionizing radiations can be found, if an 
intensive enough search is made, to be a counterpart of spon- 
taneous mutations, i.e., those that account for the natural vari- 
ability of the species. Actually, in application it matters little 
whether the mutation is a minute rearrangement on the intergenic 
level or a true intragenic change. Although the spectrum and fre- 
quency of mutants may not be exactly the same, artificial induc- 
tion of mutations from a practical standpoint may be considered 
as essentially a rapid “passing in review” of the spontaneous muta- 
tions that have not been previously incorporated into the genotype 
at hand. In this sense the expectation is not so much that genuinely 
novel variants will be produced by radiations; rather it is that any 
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population of cultivated plant is conceived as only a selected 
sample of the potential inherent variability of the species and 
that this potential can be called forth by irradiation or exposure to 
some other agent of the mutagenic arsenal. A similar spectrum 
of variations might be picked up in nature if the species were 
widespread and particularly if it were cross-breeding. The possible 
inaccessibility of the desired variants and the expense of collecting 
and maintaining natural variations points up the fact that the use 
of radiation to produce mutations artificially is, to an important 
degree, one of economics. 


FACTORS WHICH MODIFY GENETIC EFFECTS OF RADIATION 


A prime objective in the genetic use of radiation in crop im- 
provement is to be able to control the treatment so that the fre- 
quency of desired mutants can be increased and the frequency of 
undesirable effects reduced. Considering the rather basically dif- 
ferent mode of action of the main sources of radiation, it is of 
interest that the kinds of genetic changes produced show no major 
differences. However, evidence has been reported that the fre- 


quencies and spectra of mutations may differ with the different 
types of radiations used. Compared to X-irradiation, thermal 
neutron irradiation is found to produce less response to environ- 
mental factors, more uniform growth of treated seedlings. a higher 
frequency of genetic change relative to the numbers of plants 
surviving treatment (10), and (with limited data) a significantly 
different distribution of erectoides relative to other viable mutations 
in barley (66). These differences have been interpreted in terms 
of treatment with sparsely, as contrasted to densely, ionizing radia- 
tions. Thompson, Mac Key, Gustafsson and Ehrenberg (86) 
found that fast neutrons produced 8.0% seedling mutants per 
spike progeny in barley, compared to 4.5% with P**, and 2.9% 
with X-rays. 

Results of treating maize pollen with ultraviolet and with X-rays 
have shown that the former may produce more frequently, though 
certainly not exclusively, chromatid breaks and so-called intragenic 
mutations, in so far as they were not associated with pollen de- 
fects. X-rays, on the other hand, induce in this material, in many 
cases if not always, extragenic alterations incidental to chromosome 


breakage (20). 
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Modifications of mutagenicity of practical value would include 
ways of inducing beneficia! mutations with a minimum of such 
effects as chromosomal aberrations, physiological injury and 
sterility. Accumulating evidence indicates that it will be particu- 
larly profitable to ascertain ways by which factors in the organism 
and in the environment can be manipulated to modify radiation 
effects. 

Four factors in an organism that are known to influence radio- 
sensitivity are its genotype, age of tissuc, stage of the chromosomes, 
and chromosome number. Differences in response to irradiation 
have been found among species, varieties and genetic strains within 
a variety. Sparrow and Gunckel (79) have reported widely differ- 
ent tolerances among 79 species of plants to chronic gamma radia- 
tion. A daily dose of 30 r per day produced severe effects in the 
trumpet lily, whereas it required a dosage of 6,000 r per day to 
cause comparable radiation damage to gladiolus. Gustafsson (35) 
observed that mong seeds of various cultivated plants treated with 
X-rays, the “critical dosage” ranged from 5,000 r for seeds of 
sunflower to 90,000 r for seeds of rutabaga and white mustard. 
Little is known about the basic reason tor these differences, but 
since varieties and even single gene differences (55, 77) will 
show different degrees of response, it is clear that the genotype 
itself can influence radiation effects. 

In aged compared to fresh seeds, experimental evidence has 
been reported that the frequency of induced mutations is greater 
and the spectrum of types different (34). Young plants are ap- 
parently more radiosensitive than mature plants, and meiotic cells 
have been found to be more sensitive to radiation than mitotic 
cells (80). 

The time of maximum sensitivity during meiosis has been 
studied by a number of investigators, and, although there is not 
general agreement, the best evidence with plant material (78) 
shows that the stages from late prophase to metaphase are most 
susceptible to breakage of chromosomes by radiation. Lewis (57) 
reported evidence for recovering different frequencies of change 
in self-incompatibility following irradiation at different stages of 
meiosis. Singleton (75) reported that “mutation rate,” as shown 
by loss of endosperm characters in maize, was greater at late 
stages of pollen development, probably corresponding to pollen 
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grain mitosis, than at immediately preceding or more advanced 
stages. There is also a suggestion (51) that chromosome aberra- 
tions are relatively more frequent when pollen is irradiated than 
when seeds are irradiated. 

Polyploids are in general more resistant to radiation than related 
diploids. In wheat and oats it has been shown that the frequency 
of induced chlorophyll seedling mutations is lower in the species 
with higher chromosome numbers (81). However, with neutron 
irradiation in hexaploid wheat, a decidedly higher frequency of 
mature plant character mutants has been obtained (59) than in 
diploid barley. 

Environmental tactors have been found to influence the genetic 
effects of radiation, and these are of potential importance in 
practical application, since they afford an opportunity for addi- 
tional control over the mutation process. The interplay between 
the effects of moisture, oxygen, storage and temperature are com- 
plex. Control of these environmental factors has been shown to 
have a profound influence on responses in plants from seeds 
treated with radiations of sparse ion density, but to have little 
or no modifying effect on densely ionizing treatments 

Moisture content in the embryo of irradiated seeds affects the 
radiation response in resulting seedlings (9, 17). Early studies 
with barley showed that soaked seeds were more sensitive to 
X-radiation than dormant seeds stored under ordinary laboratory 
conditions. Furthermore, it was reported that in the former the 
frequency of mutations per r dosage was higher (19) and possibly 
the types of mutants produced were different (39). However, the 
highest total number of mutations is obtained from high radiation 
doses to seeds in their more radioresistant dormant condition (17, 
36, 58, 85). 

The injurious effects of X-radiation on dormant barley seeds 
increase with the length of time that they are stored after irradia- 
tion and before hydration. Hydration in the presence of oxygen 
with barley seeds of four to eight per cent water content in the 
embryo results in greater radiation-initiated damage than does hy- 
dration in the presence of nitrogen (1, 13). This differential effect 
occurs in seeds stored up to six hours after irradiation and before 
hydrating but not thereafter. Therefore there are two phases to the 
storage effects, an early phase which is modifiable by oxygen and 
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a later one which is not (13). The injurious post-irradiation effect 
of hydrating seeds in oxygen is established with 30 minutes of 
hydration, but it is not observed in seeds with higher water content, 
as 15 to 16 per cent (13). It is correlated with a greater frequency 
of chromosomal aberrations, and the results at present favor the 
interpretation that oxygen, probably by indirect means through 
active radicals, reduces the frequency of restitution of broken 
chromosomes. The relation between chromosome breakage by 
radiation and the oxygen effect has been discussed in a number 
of recent publications (3, 28, 52, 64, 84, 89). 

The temperature of cells during irradiation can influence radio- 
sensitivity. Stadler (82), Kaplan (47) and Nilan (63) as well as 
Swedish workers (67) have found that when seeds are irradiated 
at dry ice or liquid air temperatures, the frequency of induced 
chromosomal aberrations is reduced, whereas the visible seedling 
mutation frequency may be unchanged or increased. Heat applied 
to barley seeds of low water content after irradiation enhances the 
oxygen effect (13), while heat applied prior to X-radiation re- 
duces the injurious effects (11). 

Chemical treatments, not in themselves mutagenic, when com- 
bined with irradiation affect mutation in specific ways. With regard 
to differential effects, D’Amato and Gustafsson (14) reported 
that the proportion of radiation-induced chlorophyll mutations in 
barley could be altered by pretreatment of the seeds with colchi- 
cine. The frequency of two rare mutant types was increased, 
while the relative number of two common chlorophyll mutant types 
was decreased. This list of modifying factors is by no means com- 
plete (for detailed review, see Nilan, 65). In summary, there is 
increasing evidence that by altering the chemical and physical 
conditions before, after or during irradiation, modifying effects 
may be produced with respect to the frequency of mutation, the 
differential production of intragenic changes vs. chromosome 
breaks, and the spectrum of mutations. 

Another possible means of attaining differential control over 
the mutation process is the use of chemical mutagens alone or in 
combinations with irradiation. Mac Key (60) and others have 
shown differences in the relative distribution of two chlorophyll 
mutants, albina and viridis, in the second generation of barley 
treated with different mutagens. Radiations (X-rays, fast neutrons, 
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P) yield a lower proportion of viridis mutants; with mustard, 52 
to 60 per cent of the mutants are of viridis type; and with nevu- 
larine (purine-9-d-riboside) as the mutagenic agent, the relative 
frequency of the viridis type is raised to 85 per cent (18). Differ- 
ential effects of mutagens on specific loci in Neurospora have been 
reported by Smith and Srb (76a) and KOolmark (49a). Thus there 
is evidence that a shift in the mutation spectrum can be effected 
with differences in the fundamental type of mutagenic agent. 

The most extensive evidence published to date on the non- 
randomness of the mutation process has been afforded by the 
recent work of Fahmy and Fahmy (21) on Drosophila. This evi- 
dence is based on three major differences in the mutants recovered 
after treatment by certain alkylating compounds and X-radiation 
as regards: (a) the types of visible mutants, (b) the ratio of 
recessive visibles to lethals, and (c) the distribution of affected 
loci along the X-chromosome. The chemical mutagens were re- 
ported to act on gene loci which are apparently stable to X-radia- 
tion, so that with them nearly 200 sex-linked recessive mutations 
were recovered which are different in phenotype and genetic posi- 
tion from those induced by X-rays. A particular amino acid mus- 
tard was most effective in the induction of visible mutations, 
mutating two to three times as many of this class of mutant relative 
to lethals as X-rays. 

Investigations on more active and specific chemical mutagens 
separate from or combined with radiation may provide in the 
future a means to exercise more direct control over the mutation 
process. 

RESULTS IN INDUCING BENEFICIAL MUTATIONS 

The direction of natural evolution is toward better adaptation, 
i.e., there is continual selection for combinations of genes that 
give maximum adaptation to the species or population. For cul- 
tivated plants this adaptation is governed largely by the needs 
and whims of man, so that there have been accumulated through 
the past few thousand years the genotypes which to him are most 
satisfactory. In so far as man’s requirements remain fixed, a static 
optimum might conceivably be eventually reached, and thereafter 
no further gene changes would be beneficial. But man is continu- 
ally shifting his requirements for cultivated plants by calling for 
new uses, providing altered cultural conditions, combatting chang- 
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ing spectra of pathogenic organisms, and extending the range of 
cultivation. Agriculture in this country is, for example, based 
largely on introduced crops. It is evident that there will be con- 
tinuing demands for new genotypes. 

Previously man has ferreted out, recombined and selected from 
natural variability to meet his needs. The conventional view is that 
these methods alone will continue to suffice and remain the most 
economical. Clearly their full potentialities have not yet been 
completely exploited, e.g., use of the composite cross population 
methods is essentially untried (40). It is contended by many that 
by diligent exploration, collection and maintenance of world germ- 
plasm of cultivated and allied species—for the purpose of recom- 
bining and increasing the frequency of desired genes when needed 

—the problem of changing requirements and the objective of 
continuous improvement can be met. 


Artificial induction of beneficial mutations in cultivated plants, 
at least as an auxiliary tool, is a challenge to the conventional 
contention. The validity and importance of this challenge are 


yet to be evaluated; but it is clear that the methods are comple- 
mentary, not in opposition. 

The Swedish experiments on induction of beneficial mutations 
are most advanced, and a summary of a few of the more interest- 
ing X-ray-induced mutants produced by that group, which now 
constitutes a team of over 20 members, has been compiled by 
Mac Key (60). Mutants of potential agronomic value have been 
produced in barley, wheat, oats, peas, soybeans, flax, white mus- 
tard and rape. Two of the mutant strains have been introduced 
into the market: Svaléf Primex white mustard in 1950 and Sval6f 
Regina II summer oil rape in 1953. Since both of these types 
cross-fertilize naturally, and may therefore be highly heterozygous, 
these examples of induced beneficial mutations are far from con- 
clusive. For Primex, however, accompanying characteristics in 
the strain are considered as proof of the existencé of radiation 
effects. For the first time, with the Weibull Stral pea which was 
marketed in 1957, an X-ray mutant induced in a self-fertilized 
crop by Swedish scientists was brought into practical use. Ready 
for commercial use in this country is an improved Navy or 
pea bean (Phaseolus vulgaris) in which earliness and the bush 
habit were found in irradiated material (16). 
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The experiences of Gustafsson (36) with barley and other 
crop plants showed that one in ten offspring of his irradiated seeds 
carried some definitely recognizable recessive mutation, and that 
of these mutations something of the order of one in 800 were 
potentially useful in some way. In the literature on induced bene- 
ficial mutations there is a serious paucity of precise information 
comparing spontaneous and induced mutation rates for these 
characters. Furthermore, the low rates of mutations obtained re- 
quire that extreme care be practised to rule out the possibility of 
contamination. This possible source of error is magnified where 
radiation-induced chromosomal aberrations cause considerable 
male sterility. 

One of Gustafsson’s interesting results with induced mutations 
was to demonstrate differences in ecological response (38). His 
erectoides mutants in barley were more adapted to a high nitrogen 
nutritional level, owing to their stiffer straw, than the original 
variety, whereas the reverse held true for the bright-green muta- 
tions. 

A summarization of results obtained so far in this country with 
mutation breeding in cultivated plants will serve to illustrate some 
of the different potentialities of the method. There are two ways 
in which a mutation breeding program may be justified for improv- 
ing morphological and physiological characters, including yield 
One of these is to produce new mutations with singular traits of 
economic value. A second is to create variation of a kind and 
magnitude upon which selection can be practised to shift the 
mean in a desired direction more efficiently than would otherwise 
be possible. 

Examples of the first type are the stiff-strawed erectoides mu- 
tants produced by the Swedish workers. In this country the short- 
strawed mutants of wheat, oats and barley, some of which have 
been produced at Brookhaven National Laboratory, as well as 
the short-strawed rice mutant produced by Beachell (6) in Texas, 
are radiation-induced variants of potential value in crop improve- 
ment programs, particularly to prevent lodging and to facilitate 
mechanical harvesting. 

The investigations of Gregory (31-33) on yield in peanuts 
afford the most extensive demonstration that variation which is 
quantitative can be increased by radiation sufficiently beyond the 
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natural variability to increase the efficacy of selection. He first 
demonstrated a fourfold increase in genetic variance among pro- 


genies of normal-appearing X. plants compared to the controls. 
He next made five best-mutant selections (all of which were 
normal or wild type in appearance) and conducted yield tests 
with the X; generation in 1953 and 1955. In these tests the mutant 
lines maintained a measurable superiority. 

The stability of the mutants was tested in the X; generation by 
family progeny tests. Fifteen plant progenies were grown from 
each of ten original selections of vegetatively vigorous normals. 
The progeny to progeny variance in yield within each family was 
not significant in eight of the ten progenies, thus demonstrating 
that they were stabilized for high performance in an advanced 
inbred generation. 

Gregory’s results show, therefore, that phenotypically construc- 
tive mutations affecting a quantitative character can be induced 
by radiation and can be effectively accumulated by selection. This 
is of particular significance, since most of the agronomically im- 
portant characteristics by which species and varieties are differen- 
tiated are controlled in their inheritance by polygenic systems. 
Two early maturing lines of tomato, produced by X-radiation of 
seed, were reported by Mertens and Burdick (60a). 

Programs for inducing disease resistance in cereals have perhaps 
attracted the greatest amount of recent attention—a consequence 
of the agricultural importance of the problem and the successes 
reported. One probable reason for success relates to the delicate 
balance between biochemical processes of host and pathogen so 
that mutations which alter, in the host, the synthesis of nutritive or 
metabolic requirements of the pathogen may be expected to confer 
resistance (51). A second and important reason rests on the highly 
efficient screening methods which are being developed and used 
so that large populations can be subjected to selection for resis- 
tance. An example is the work of Wheeler and Luke (88) who, 
using toxin produced by the pathogen Helminthosporium victoriae 
as a screening agent, tested two varieties of oats that are sus- 
ceptible to Helminthosporium blight, for resistant variants. In 100 
bushels of oats (approximately 45 million grains) so screened, 
973 blight-resistant seedlings were obtained; in addition, some of 
these were resistant to crown rust. This method, which is equally 
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applicable to investigations on induced and spontaneous muta- 
tions, is so efficient and relatively inexpensive that it brings sharply 
into focus the problem of weighing the economics of planning 
programs based on screening of spontaneous mutations vs. transfer 
of mutations through backcrossing vs. artificial induction of mu- 
tants. 

Disease-resistant types in small grains, the mutation frequency 
of which has been reported by workers in this country to be in- 
creased by radiation, are: in oats, resistance to Victoria blight, 
stem rust and crown rust; in wheat, resistance to stem rust and 
stripe rust. The investigators reporting these results are Konzak, 
Borlaug, Acosta and Gibler (54), Frey (26), Frey and Browning 
(27), Myers, Ausemus, Koo and Hsu (62), and Wallace (87). 
The induced disease resistance may be dominant, as in stem rust 
resistance in wheat and oats; or recessive, as in Victoria blight- 
resistance in oats and stripe rust-resistance in wheat. 

Two other cases of radiation-induced resistance in crop plants 
reported by U. S. workers are rust resistance in flax by Flor (22) 
in North Dakota and resistance for leaf spot and stem rot in 
peanuts by Gregory (33) in North Carolina. There is an interest- 
ing contrast in the two diseases of peanut in that the leaf spot 
pathogen is highly species-specific, attacking only legumes of the 
subtribe to which peanuts belong; whereas the stem rot pathogen 
is highly species-general, attacking species of a number of families 
of flowering plants. 

Most of the uses of radiation to induce mutations have stressed 
the undesirability of the accompanying chromosome breaks and 
gross rearrangements; furthermore, emphasis has usually been on 
the advantages of single-gene induced mutations within an ac- 
cepted commercial variety to overcome the laboriousness of the 
repeated backcrosses required to transfer a desired character to 
the accepted residual genotype following hybridization. However, 
radiation can be used to facilitate the transfer of a desired charac- 
ter where its only source is a species or genus so distantly related 
that the chromosomes fail to pair with those of the commercial 
variety and, in addition, carry associated unfavorable characteris- 
tics. Under these circumstances the transference by backcrossing 
is impractical. Practical success can be achieved by transposing to 
the accepted genotype through chromosome breaking and rejoin- 
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ing only that part of the foreign chromosome which contains the 
beneficial character separate from undesirable ones. 

A demonstration of this technique, using radiation to break 
chromosomes, has been afforded by Sears’ (73) results in trans- 
ferring leaf rust resistance from Aegilops umbellulata, a wild grass 
of the Mediterranean region, to wheat. A single non-pairing 
Aegilops chromosome added to wheat provides a high degree of 
resistance to leaf rust. Wheat plants with this added chromosome 
were X-rayed prior to meiosis, and translocations between the 
Aegilops and wheat chromosomes were obtained. Data from one 
of the translocations indicated that the resistance gene was near 
the centromere of the Aegilops chromosome, so that transfer of 
the entire arm included associated deleterious traits. The one 
intercalary translocation obtained showed essentially normal pollen 
transmission, and homozygous plants were distinguished from 
normal wheat only by their rust resistance and slightly later ma- 
turity. 


That radiation-induced translocations may have general applica- 


tions in locating and transferring valuable traits from exotic 
sources to cultivated plants of refined genotypes, such as improved 
maize selections, has been advanced by E. G. Anderson (2). 
Production of radiation-induced somatic mutations, particularly 
those affecting fruit or flower, in vegetatively propagated materials 
is at present being investigated on a rather wide scale in this 
country, in Canada, in Sweden and in Germany. Either chronic or 
acute radiation is applied to growing points. The methods are as 
yet inefficient. The problems of technique relate primarily to the 
detection and propagation from a multicellular meristem of single- 
event mutations that must subsequently compete with non-mutated 
cells to be recognized (48). Research is needed on ways to modify 
cell selection within an individual. On the other hand, an obvious 
advantage of the method is that a periclinal chimera which appears 
in a single growing point can be multiplied clonally. Granhall (30) 
has reported inducing red fruits in apples and russet-skin in pears. 
Bishop (7) has produced dark red sports of the Cortland variety 
of apple. In preliminary experiments with the black currant, 
Kaplan (48) and co-workers have isolated a number of interesting 
mutant shoots from X-rayed scions that showed changes in leaves, 
in internode length, growth habit and fruit characteristic. With 
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commercial strains of carnation, induced changes have been re- 
ported (70) from white to red flowers, red to variegated, and 
standard double to single-flowered types; in addition there were 
mutations from the dominant red color to the recessive colors 
brick red, salmon and white (71). The somatic mutations cited 
are of potential practical value in horticulture. 

Examples of beneficial mutations induced by irradiation are not 
contined to the higher plants. A group of investigators (43, 69) 
has developed by successive radiations of the mold Penicillium 
and a stepwise incorporation of best-yielding mutants, a strain 
which yields approximately nine times more penicillin than the 
original variety. This result is of considerable economic and medi- 
cal value. 


Although the lethality incident to chromosomal aberrations is 
generally a detrimental response in radiation usage, it has been 
employed as a new tool in economic entomology. Maies of the 
screw-worm fly, a pest of goats and cattle in the tropics and sub- 
tropics, after being treated with gamma rays can be released in 


large numbers to compete with normal males. They mate with 
the females, but, owing to structurally changed chromosomes in 
ihe sperms, the zygotes die, thus reducing the population. By 
repetition of this process the screw-worm was eradicated from the 
Caribbean island of Curagao in 1954 (8). 


CONCLUSIONS 

In conclusion, the use of radiation to produce genetic variants 
is a new tool of potential value in agriculture, capable of being 
employed as an adjunct to conventional methods. With greater 
understanding of the fundamental processes of gene mutation and 
chromosome breakage, as well as refinements in techniques for 
differentially modifying radiation effects and detecting desirable 
variants, this tool may find increasing application. This field of 
investigation is too new to be fully evaluated now. It is not a pana- 
cea that can be expected to revolutionize agriculture, but it 
shows promise and is worthy of more extensive investigation. Par- 
ticularly needed are more precise data showing rates of mutation 
for beneficial mutants in untreated compared to irradiated popula- 
tions. Considering the unique effects of radiation, emphasis in 
future research should be placed on appropriate and special cir- 
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cumstances where it can be used to greater advantage than conven- 
tional methods. 

We have reached a crossroads and from here on the objective is 
no longer primarily to test whether beneficial mutations can be 
produced by irradiation—this has been done. It has been definitely 
demonstrated that with radiation, alterations can be effected in 
the mechanisms of heredity (mutation in the broadest sense) that 
are useful in plant improvement. It has been reasonably well 
demonstrated that useful mutations in the narrower sense, i.c., 
changes at the gene (or, at least, minute rearrangement) level, 
can be increased in frequency by irradiation. In fact, if it is agreed 
that radiation can cause gene mutations, then to consider that 
useful mutations are not producible would imply the unlikely 
alternatives, either that the process of radiation-induced muta- 
tion is discriminatory against hereditary changes that man finds 
useful, or that all desirable mutants have already been accumulated 
in cultivated plant varieties. Induction by irradiation of entirely 
new mutations, different from any occurring in nature, has not 
yet been demonstrated; and, indeed, it may never be possible to 
do so in a final sense. 

The crux of the problem now is—and this is stressed through- 


out—is it economically feasible to use radiation in plant improve- 
ment programs? There is no one answer. Each particular problem 
requires careful appraisal, and the answers will be different, de- 
pending on the material, objectives and circumstances. 
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ROOT DISEASES OF DECIDUOUS FRUIT TREES ' 


A. B. GROVES 


Plant Pathologist, Virginia Agricultural Experiment Station, Winchester. 


The subject of root diseases of deciduous fruit trees was re- 
viewed by J. S. Cooley in the Botanical Review in 1946 (23). 
The article which follows is presented as a decennial supplement 
to Dr. Cooley’s review. This article is intended primarily as a 
review of work in, or closely related to, this field and which has 
been published during the past decade. Attention here is centered 
largely upon those fields which have been the focus of investigative 
attention during this time, rather than upon a broad coverage of 
both active and inactive aspects of the field. 

The past decade has not been a period marked by the reporting 
of new root diseases of major importance. This phase of the tree- 
fruit root disease problem was extensively explored and reported 
upon much earlier. More recent investigations have been in the 
fields of remedial and preventive measures, manner of infection 
and spread, the role of environmental factors in disease develop- 
ment, and many other related problems. Attention has also been 
given to the nematode and virus diseases in this review. The 
former are logically included, since they are wholly root diseases. 
The latter are systemic, but rootstocks play an important part in 
dissemination of some virus diseases. 

Attention is centered primarily on the root disease problems 
of the pome and stone fruits as they occur in the United States 
and Canada. This is not to imply that the root disease problems 
elsewhere have been treated as essentially different, for they are 
not necessarily so. The treatment of foreign investigations and of 
foreign literature is not presented as being comprehensive. Refer- 
ences to foreign work regarded as of interest or possible applica- 
tion have been included. 


' Supplement to article in The Botanical Review 12: 83-100, 1946. 
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Departure ts made here from the earlier classification of subject 
matter by tree hosts. Treatment by various areas of interest is 
followed as better serving the purpose of this presentation. Where 
overlapping of areas occurs, appropriate reference is made to 
avoid repetition. 

FUNGOUS DISEASES 

Both new and extended observations made on fungous root dis- 
eases during the past decade are included here. 

Armillaria root rot, caused by Armillaria mellea (Vahl) Quel., 
retains its place of importance as a root disease of deciduous tree 
fruits in the western United States and other regions favorable to 
the parasitic invasive activity of the fungus. Armillaria root rot 
attacks a wide range of host plants, including all of the common 
tree fruits. The disease commonly has been considered to be less 
of a problem in the eastern United States than in the west. How- 
ever, Clayton (20) found the rot to be the greatest single cause of 
death of peach trees in North Carolina. The disease also attacks 
apples in the same region, but no appraisal of its relative impor- 
tance has been made. 

Clitocybe tabascens (Scop. ex Fr.) Bres. causes a root rot of 
fruit trees similar to Armillaria rot in appearance. Gross symptoms 
are not useful for diagnostic purposes, being essentially alike for 
most root diseases. Clayton (20) mentions apple, peach and pear 
as being affected in the southeastern United States. The disease 
is more abundant in southern and sub-tropical latitudes. The 
presence of the disease on peaches and apples was recognized by 
Wilcox (68) early in the century. He distinguished the disease 
from Armillaria root rot and proposed a new species. Clitocybe 
parasitica Sp. N. Little attention has been given the disease in 
original plantings. 

Savage et al (55) found Clitocybe root rot to be of general 
occurrence in the peach-growing sections of Georgia, and to 
provide partial explanation of the poor survival of new plantings 
made on old orchard sites. 


Cooley (24) made observations on the survival of apple trees 
planted in locations Known to have been infected with Corticium 
valactinum (Fries) Burt. He concluded that woody debris in the 
soil becomes inoculated with the fungus and serves as a subsequent 
infection source from which young apple trees are invaded. Obser- 





ROOT DISEASES OF DECIDUOUS FRUIT TREES 27 


vations of the writer are that diseased roots remaining in the soil 
following the death of a tree from white root rot will serve as an 
effective source of inoculum for several years. 

The role of Phytophthora cactorum (Leb. and Cohn) Schoeter 
in collar injury to apple trees was established by the work of 
Baines (6) and Welsh (65). Fa orable environmental conditions 
are important predisposing fa‘.ors for Phytophthora invasion. 
Hutton (43, 44) reported the loss of many thousands of peach 
trees to Phytophthora cinnamomi Rands in nurseries in Australia 
where they were subjected to water-logged soil conditions. Ten 
Houten (42) reported collar rot, as caused by Phytophthora 
cactorum, to occur in the Netherlands in 1953. It is reported to 
be a severe disease in that country. Collar rot is also known in 
Germany (13), England (58), New Zealand (57) and Belgium 
(14). The disease doubtless exists elsewhere in view of the wide 
distribution of the pathogen. Buddenhagen (14), working in the 
Netherlands, found that a strain of Phytophthora syringae Klebahn, 
the cause of an apple and pear fruit rot, produced a collar rot 
after artifical inoculation. P. syringae was much more virulent at 
low temperatures than was P. cactorum, and was regarded as a 
possible cause of the disease under natural conditions. He had not 
found collar rot resulting from natural infection by P. syringae in 
the field at the time. This is not regarded as conclusive evidence 
that such does not occur, since isolation of the causal organism is 
difficult at best. 

Thomas (61) made observations on the host range of the 
Demathophthora stage of Rosellinia necatrix (Hartig) Berl. in 
California where the fungus had apparently bees introduced. The 
disease is presumably of European origin, where it is serious on 
grapes. Many trees and vines are affected by the fungus, which 
causes a white root rot. 

Fruit trees listed by Thomas as susceptible to Dematophthora 
include apricot (Prunus armeniaca), mazzard cherry (Prunus 
avium), sand cherry (Prunus bessevi), sour cherry (Prunus cera- 
sus), almond (Prunus amygdalis), peach (Prunus persica), black 
cherry (Prunus serotina), quince (Cydonia oblonga), apple (Ma- 
lus pumila), Siberian crab apple (Malus baccata) and several of 
the East Malling apple rootstocks. Susceptible pear species included 
Pyrus betulaefolia, P. bretschneideri, P. calleryana, P. communis, 
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P. communis cordata, P. regeli, P. ovoidea, P. amygdaliformis var. 
persica, P. phaeocarpa, P. serotina, P. serrulata, P. ussuriensis. 

A degree of resistance to the Dematophthora disease has been 
shown by the crab apples Malus floribunda and Malus toringoides. 
and Prunus cerasifera and its hybrids, the myrobalan and Marianna 
plums. 

The parasitism of Verticillium species encompasses several of 
the deciduous tree fruits in its host range. Verticilliusn albo-atrum 
Reinke et Berth and Verticillium dahliae Kleb, are the two patho- 
genic species. 

The fungus is a vascular parasite, and while it does not produce 
a root disease in the commonly conceived sense, its soil-borne 
character and invasion of trees through their root systems makes 
its inclusion here appropriate. 

The characteristic syndrome of Verticillium wilt commonly 
manifests several symptoms, including a decline in vigor with off- 
color foliage, leaves with inward curled margins, yellowing and 
casting of older leaves, wilting of spur leaves frequently followed 
by wilting of the entire branch and dropping of the leaves. Dieback 
of the affected twigs and branches is common. The disease tends 
to progress most rapidly upward and may visibly affect only one or 
a few branches. The vascular tissues are darkly streaked, a valuable 
diagnostic symptom. A tree may be affected severly enough to die, 
or it may make a limited recovery. Van Der Meer (63) suggested 
that re-infection occurs from year to year, a situation which might 
permit such recovery. Dr. G. C. Chamberlain of the Ontario Plant 
Pathology Laboratory stated that for the most part peach and sour 
cherry trees show good recovery, depending on cultural practices 
and the vigor of trees, but that sweet cherries succumb to the in- 
fection (personal correspondence). 


Verticillium wilt is virtually world-wide (9). the disease has 
been reported on tree fruits in the Netherlands (63), Czecho- 
slovakia (4), France (31), Germany (30) and Canada (47). 

Verticillium wilt is a disease of the temperate zone, and is 
most often found in the cooler fruit growing sections of this zone. 

Verticillium wilt attacks many herbaceous plants. Use of sus- 
ceptible hosts, such as tomato or potato, as an intercrop planting 
in an orchard, or setting an orchard in land formerly planted to 
these crops, may seriously increase incidence of the disease. 
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THE REPLANT PROBLEM 

The occurrence of severity of fruit-tree root disease is frequently 
increased where fruit trees follow trees of the same kind in a 
planting scheme. The danger of failure is greatest where a new 
tree replaces an older one in the same location. Failure of replants 
is more or less expected in situations where the preceding tree 
succumbed to a fungal disease and where a large residue of in- 
fected material remains in the soil after removal of the diseased 
tree. 

Persistence of the causal fungus in the soil may be reasonably 
presumed to depend upon the ability of the parasitic organism to 
survive saptophytically, or upon other hosts, or as persistent forms 
such as sclerotia. Most, if not all, fungi which cause diseases of 
tree fruits exhibit one or more of these characteristics. Soil fumi- 
gants and sterilizing treatments have been directed toward the 
elimination or reduction of such persistent soil-borne inoculum. 
The action may be direct, or indirect through stimulation of para- 
sitic fungi as Trichoderma viride Pers. ex Fries. 

Considerable attention has been given to this approach to fruit- 
tree root-disease control during the past decade. Groves (38) used 
a number of soil treatments in an effort to improve the survival 
rate of apple trees replanted in locations where previous trees 
had died as a result of black root rot (Xylaria mali Fromme). Soil 
injections of carbon disulfide appeared promising at the time, but 
their value was not considered as established. Subsequent observa- 
tions in these trials lend added support to the earlier report. 
Taylor (60) also reported good results with the carbon disulfide 
treatment. There seems reason to hope that the problem of replant 
survival where black root rot exists may be satisfactorily resolved. 
Soil infectation by the fungus is too extensive to hope for its elimi- 
nation from an orchard, however. Survival of replant apple trees 
in the Virginia experiments has not been good under similar cir- 
cumstances where the white root rot fungus (Corticium galactinum 
(Fr.) Burt.) is the causal pathogen. 

The problem of survival of peach replants following peach 
where no conspicuous disease has beea known has attracted the 
attention of investigators in all major peach-growing sections of 
the United States and Canada. A great deal of attention has been 
given the problem during the past decade. Where peaches follow 
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peaches there is frequently marked retardation of growth of the 
replants, and in severe situations the replants may die. Where the 
replanted trees survive they frequently fail to achieve either the 
size or production of trees which do not follow peach. 

The difficulty is not always encountered but is commonplace 
enough to make it a major problem in peach growing. Failure of 
replants following peach most often involve peach, but may in- 
volve other tree fruits. Upshall and Ruhnke (61) reported differ- 
ences in growth of mahaleb and mazzard cherry, myrobalan plum 
and French pear nursery trees, all subsequent to peach. They found 
no marked contrast in soil fertility or texture to explain the differ- 
ence. 

The replant problem where peaches follow peaches is both 
complex and difficult of solution. No universally applicable solu- 
tion has been developed to date. The problem is not that of the 
elimination of parasitic organisms or infective root fragments from 
the soil, but principally that of the generation of toxic substances 
from root residues. 

Gilmore (36) noted that the effect is highly specific for peach 
following peach. The reduced growth effect does not occur where 
peach follows other prunus species (as rootstocks) or other fruits, 
although it may occasionally occur where other fruits follow peach. 

Gilmore also noted that the duration of the effect was prolonged 
and had been known to persist for at least ten years. The peach 
replant problem apparently exists to some extent wherever peaches 
are grown. The major amount of work on the problem has been 
reported by Proebsting and Gilmore (52), Proebsting (53), Gil- 
more (36), working in California; by Havis and Gilkeson (40), 
Prince, Havis and Scott (51) of the United States Department of 
Agriculture, and Koch (45), Patrick (50), Ward and Durkee 
(64), and Wensley (66) in Ontario. 

Patrick (50) concluded “that microbial action on the amygdalin 
fraction of peach roots is mainly responsible for the toxic factor 
frequently encountered in old peach orchard soils”. He determined 
that the toxic effects of the amygdalin content present in peach 
roots are produced during its breakdown to hydrogen cyanide, 
benzaldehyde and possibly benzoic acid. The possibility of the 
existence of other toxic degradation products was recognized. The 
major contribution of this work toward an understanding of the 
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peach replant problem lies in the demonstration of the production 
of phytotoxic substances as a result of the degradation of normal 
plant constituents through microbial action. 

In soil fumigation experiments, Wensley (66) found that, al- 
though soil fumigation might result in an increased growth response 
of peach seedlings, such fumigation did not alleviate the depres- 
sion of growth caused by the toxins resulting from the decomposi- 
tion of amygdalin. 

Prince, Havis and Scott (51), in a greenhouse study of the peach 
replant problem, obtained the greatest growth response from addi- 
tion of high magnesium lime at relatively low rates to peach 
orchard soil, and trom steam and chlorobromopropene fumigation. 

Not all peach replant problems are due to toxins of decomposi- 
tion. Savage and Cowart (54), in investigations of peach tree 
longevity in Georgia, noted that plantings of peach following peach 
were commonly shorter lived than where plantings were not made 
on old orchard sites. They concluded that “many of the peach tree 
losses in Georgia in replanted orchards are probably due to a 
fungus disease caused by Clitocybe tabescens (Scop. ex. Fr.) 


Bres.” The disease is not known to exist in the fruit-growing re- 
gions of the U. S. outside of the South. They did not regard it as 
the only causal factor of tree loss, however. 


VIRUS DISEASES 

There are no virus diseases of tree fruits which are known to be 
confined to, or to primarily effect, the root systems of trees. It 
was thought at one time that the phony disease of peach is such a 
disease, but it was later demonstrated that such is not the case. 

Virus diseases may be, and no doubt have been, transmitted 
in commercial nursery practice through the use of rootstocks which 
carried a virus or viruses as a result of infection having been | ans- 
mitted through the seed. Cochran (21,22) demonstrated that the 
ring spot virus is transmitted through mazzard cherry and peach 
seeds. Cation (15,16) demonstrated the transmission of yellows 
virus complex through mahaleb seed. The mahaleb cherry seedling 
is the most commonly used stock for propagation of the sour 
cherry. 

Blodgett et al (9), in a survey of local mahaleb and mazzard 
seed sources in Washington State, found many of the seed trees 
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to be virus-infected. The writer collected scions from native maz- 
zard trees in Virginia which have been used as seed sources for 
commercial propagation purposes, and these were indexed for 
virus status by K. P. Brase of the New York Agricultural Experi- 
ment Station and K. G. Parker of Cornell University. Sixty-seven 
out of 95 trees were positive for ring spot, nine were doubtful. 
and only 16 indexed negative (Unpublished report). 

The relationship of virus diseases to root diseases lies in the 
role of rootstocks in transmitting the virus infection. A full under- 
standing of the importance of the role of rootstocks in the trans- 
mission of virus diseases of deciduous tree fruits has probably not 
been developed to date. 


NEMATODE DISEASES 
The problem of nematode parasitism of tree fruits was rec- 
ognized as early as 1889 by Neal (49). Recognition of the prob- 
lem stimulated research activity, although major attention was 
given to the nematode diseases of herbaceous crops. 


There are no specific symptoms which characterize a nematode- 
affected tree. The trees are reduced in growth and vigor. An 
examination of the root system and surrounding soil by appro- 
priate techniques is necessary for a positive diagnosis of the 
trouble. 

Nematode diseases of tree fruits have received increased atten- 
tion during the past decade, as have nematode disease problems 
in general. Unitil quite recently, attention was limited to the root 
knot nematode, Meloidogyne Goeldi species. The parasitic rela- 
tionship of the meadow nematode of the apple, peach, plum and 
pear was noted by Ark and Thomas (5) in 1936. Adams (1, 2) 
reported on a probable parasitic relationship of Xiphinejna species 
on apple and peach roots in West Virginia. He regarded them as 
“the probable cause of a disorder of apple trees known locally as 
‘pout’ ”’. “Pout” is a term used to describe a disorder of trees when 
they fail to grow normally or to respond to fertilizers, although 
there are no obvious signs of disease involvement. Adams’ findings 
developed from his search for the cause of apple and peach tree 
growth responses to spray residues applied to soil and reported on 
by Gould and Hamstead (37). They had earlier found that peach 
trees growing where a benzene hexachloride treatment had been 
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applied after planting showed a total terminal growth of 4.4 times 
that of the check trees. They stated that “the reasons of the in- 
crease in tree vigor of both apple and peach trees are not clearly 
apparent but they are thought to be due to a number of factors— 
(including) control of injurious pests such as wooly aphids and 
nematodes.” Adams examined soil samples taken from around 
the roots of BHC-treated and untreated trees. Populations of the 
dagger nematode. (Xiphinema sp.) were much lower in the treated 
plots. Adams found that “there was a negative correlation between 
tree growth and nematode population (significant at the 1% 
level)—”. While actual parasitism of the peach and apple roots 
was not established by Adams, Schindler (56) had earlier demon- 
strated such feeding on the roots of greenhouse grown roses. 

Ring nematodes, (Criconematidae) were reported by Chitwood 
(17) to be possible factors in the decline of peach trees and in 
the peach replant problem. 

There are “host specialized” races or populations within the 
different genera involved in the nematode disease complex. These 
vary in their ability to attack fruit tree hosts. Christie and Havis 
(19) employed root knot nematode populations from a number 
of sources to inoculate both “resistant” and “susceptible” peach 
rootstock varieties. Even the “resistant” Yunnan and Shalil seed- 
lings were attacked by some poplutions. Havis et al (41) found 
both Shalil and Yunnan to show considerable resistance to the 
common meadow nematode (Melioidogyne incognita), but they 
were both susceptible to M. javanica. The peach rootstock variety 
S-37 showed a high degree of resistance to both species. A year 
later, Chitwood et al (19) reported Yunnan seedlings of three 
varieties tested, to be least resistant to M. javanica, although the 
Yunnan seedlings had been resistant to M. incognita. S-37 was 
the most resistant to both M. javanica and M. incognita. The 
Lovell, a commonly used seed source, was resistant to neither 
species. S-37 is a vegetatively propagated selected seedling of the 
flowering peach (Prunus persica). 

Day and Serr (29), working in California, found peach and 
plum understocks to vary in their susceptibility to the root lesion 
nematode (Pratylenchus vulnus). Macedonian Wild, Etters’ Best 
and Bruce plums were highly resistant; Bokhara and Yunnan 
55885 peaches were partially resistant. Common apricot, apple, 
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pear and quince stocks were also resistant. The species involved 
had formerly been thought to be P. pratensis, the common meadow 
nematode and which exhibits some differing host responses. Allen 
(3) had earlier added the apricot to the list of hosts of the meadow 
nematode. He listed many other hosts and their known distribution 
in California. 

Less attention has been given to date to the nematode problems 
of pome fruits. Ark and Thomas (5) described the parasitic inva- 
sion of the meadow nematode (Anguillulina pratensis (DeMan) 
Goffart) on apple roots in 1936. The symptoms observed included 
numerous and superficial coalescing lesions on the young rootlets, 
also tufted root masses resulting from the repeated development 
of root branches which were in turn killed back by nematode 
attack. The nematode injury was found in association with the 
little leaf or rosette condition of the apple. 

Bosher and Newton (10) found the dissemination of Pratylen- 
chus penetrans in clonal apple rootstocks to be favored by the 
layering propagation methods commonly used for these stocks. 
Use of such infected stocks might easily spread the nematode to 
previously non-infected locations. 

Davidson and Dieter (28) considered commercial nursery prac- 
tices to be conducive to developing nematode populations to a 
harmful level. They treated nursery soils in Michigan with ethylene 
dibromide and secured marked increases in growth of the propa- 
gated stock, and recorded sharply reduced Pratylenchus nematode 
populations. Control was not complete, nor were the nematodes 
eliminated from the soil. 

The location and development of nematode-resistant peach un- 
derstocks began over three decades ago, and a number of useful 
stocks have been introduced or developed and propagated. This 
work was well summarized by Whitehouse (67) in 1944. Unfor- 
tunately, no stock has been developed which is resistant or im- 
mune to all nematode genera and populations. 


NON-PARASITIC DISORDERS 


Cooley (23) gave a lucid discussion of non-parasitic root 
troubles, and listed them in approximate order of importance, 
with weather injuries ranking high in the list. The influence of 
drought and of excessive amounts of water is too well recognized 
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to justify extended discussion. Any weather-associated injury may 
serve as a predisposing condition for parasitic disease damage, as 
with Phytophthora sp. and collar rot. Cooley (25), in a study of 
apple rootstocks, found that excessive soil moisture alone, and 
uncomplicated by either winter damage o: Phytophthora, could 
cause severe collar injury. The injury began to develop in early 
July from irrigation in May and was extensive by late August. 
Inoculations made with P. cactorum in early summer failed to 
develop despite favorable weather conditions. He concluded that 
the injury observed was due to water-logged soil. 

Cooley and Groves (26) described root and collar winter 
injuries of apple trees and discussed the principal factors predis- 
posing to collar winter injury. They concluded that a physiologic 
condition of susceptibility to cold results from the interaction of a 
number of climatic and physical circumstances. They suggested 
the technical term “physiochemic injury” to replace the more 
general term of winter injury. 

The general concepts of parasite activity and behavior in root 
disease development have been extensively developed and pre- 
sented in recent years. Wilhelm (69), in a study of the distribution 
of Verticillium albo-atrum in soils, explores the relationship be- 
tween infection index and inoculum potential, and “found that 
within broad limits infection index is related directly to inoculum 
potential and is a function at least of the inoculum potential, 
inoculum distribution, and the past crop history of the land”. 
Garret (34) made a study of the logistics of infection by Armil- 
laria mellea to clarify the relationship between size of the fungal 
food base and distance away from the host upon infective poten- 
tialities of the fungus. He concluded that the inoculum potential 
may be increased either through an increase in a number of infect- 
ing units per unit area of the host surface, or by an increase in 
the nutritional status of such units. The biology of root-infecting 
fungi has been comprehensively presented by Garret (35). 

The possible root injuries to trees from spray residues are 
beginning to be recognized, although little information has been 
published to date. Most attention has been given to the influence 
of insecticide residues on field and vegetable crops (11, 33). 

Spray chemical residues reach the soil principally from normal 
orchard spray and dusting practices, from benzene hexachloride 
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treatment of young trees, and from the recently developed use 
of endrin for orchard mouse control. BHC also serves for soil insect 
control in nurseries in Europe (12, 39), and to a limited extent in 
the United States. The use of selective herbicides in orchard prac- 
lice is increasing. 

Present knowledge is limited to the accumulation and persis- 
tence of the chemicals themselves. BHC, a material highly toxic to 
the root system of many plants, is fortunately decomposed or dis- 
sipated relatively rapidly. Endrin disappears more slowly. What 
effect, if any, these materials may have on the soil microflora and 
possible root disease development remains wholly unexplored at 
the moment. 

CONTROL PRACTICES 

Control practices for root diseases fall into three general cate- 
gories: (a) use of soil fumigants, fungicides or nematicides; (b) 
use of disease-resistant or disease-free rootstocks; and (c) modi- 
fication of cultural or cropping practices. 

Soil fumigants and fungicides may destroy any pathogenic fungi 
either through direct kill or through subsequent modification of 
the soil microflora so that biological control is accomplished 
through stimulation of parasitic fungi or bacteria. Use of soil 
fumigants has not been conspicuously successfu! in combating root 
diseases through direct fungicidal action. The biological control 
approach may be more promising. Bliss (7) found that carbon 
disulfide fumigation of citrus soils in California effectively de- 
stroyed Armillaria in citrus root segments. He concluded that 
destruction of the fungus from fumigation at normal rates, which 
only partially sterilizes the soil, resulted not from direct fungitoxic 
action but from the antibiotic action of Trichoderma viride. Fumi- 
gation of the soil may produce conditions favorable for develop- 
ment of Trichoderma and allow it to become temporarily dominant 
in the soil microflora. Darly and Wilbur (27) found 7 richoderma 
to be stimulated to lethal activity only if Armillaria-infected roots 
were present. The same sequence of events may occur when 
carbon disulfide fumigation is used for the control of Xylaria 
mali in apple root fragments, and may account for the present 
success of the method. The development of Trichoderma on di- 
seased apple roots following carbon disulfide fumigation is a 
typical occurrence in the author’s observations. 
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Soil fumigants and nematicides are commonly too phytotoxic to 
permit their use on living trees. Zentmyer and Erspamer (70) 
used Vapam (sodium N-methyldithiocarbamate) on growing ava- 
cado trees with apparently good results against Phytophthora 
cinnamomi, but with appreciable injury. No successful methods 
for such treatment of deciduous fruit trees have been developed. 


Use of soil treatments before planting for disease control has 
not become an accepted practice, and does not promise to become 
so soon, because of the short duration of effectiveness of such 
treatments in relation to tree life. 

Some progress has been made in the development of rootstocks 
which are resistant to disease attack. Groves (38) tested a number 
of apple rootstocks for resistance to infection by Xylaria mali 
and found none to be immune or highly resistant. He noted that 
the same degree of resistance or susceptibility of individual trees 
was not exhibited from year to year. 

Canadian investigators, Fitzpatrick et al. (32), McIntosh and 
Mellor (46, 48) reported on extensive tests of the susceptibility 
of various rootstocks to infection by Phytophthora cactorum. They 
used mixed cultures in testing apple varieties, clones and seedlings 
from controlled crosses of apple, as well as cherry, apricot, peach, 
plum and pear stocks. They found wide variation in susceptibility 
between apple varieties. Resistant varieties included Antonoyka. 
Columbia, Dolgo, Haas, E. M. IH, Robin and Transcedent. Re- 
sults were promising but inconclusive with Delicious, Florence, 
Haaralson, Jubilee, E. M. IX, Melba, Newtown, Pyrus robusta, 
Spartan, Winesap and Wealthy. Inoculation of apple seedlings 
from controlled crosses were judged to “indicate that the factors 
contributing to resistance may be either partially or completely 
dominant, and that the character of resistance may be inherited 
from either the male or female parent”. 

McIntosh and Mellor (46, 48) used mixed P. cactorum cul- 
tures with isolates from apple in testing apples, pear and stone 
fruits. They found that addition of an isolate from mazzard cherry 
increased the disease rating of mazzard cherry and Pyrus robusta. 
This suggests a host selectivity of pathogen strains, first suggested 
by Baines (6). 


They also noted that one partner of the root-scion combination 
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may have a modifying effect on the resistance or susceptibility of 
the other. 

More satisfactory progress has been made in developing nema- 
tode-resistant rootstocks, particularly of the stone fruits. This was 
discussed earlier. 

The importance of virus-free rootstocks in the propagation of 
stone fruits is now recognized. Their eventual value in a solution 
of the virus disease problem in mature plantings remains to be 
demonstrated. 

Cultural or cropping practices can markedly affect the develop- 
ment of Verticillium troubles. The use of susceptible crops before 
planting an orchard or as an intercrop in an orchard greatly in- 
creases the probability of the disease developing in stone fruits. 
Much the same situation applies when nematodes are present 
Taylor and McBeth (59) found peach yields to be lowest where 
peaches were planted in untreated soil and iniercropped to 
nematode-susceptible cover crops; higher where the soi! was treated 
for nematodes but intercropped with a susceptible cover crop; 
and highest where the soil was both treated and intercropped to a 
resistant cover crop. 

The importance of good cultural practices in maintaining tree 
vigor and resistance to weather injuries is commonly recognized. 
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It is the purpose of this review to cover the literature on the 
physiology of citrus fruits in storage published since the appear- 
ance of the original article under this title in 1946 (26). Certain 
phases of this topic have been presented by Biale (3), by Pentzer 
and Heinze (27), by Bartholomew and Sinclair (1), and by Rose, 
Cook and Redit (29). As was pointed out in the earlier article, 
the purpose of storing fruits and vegetables is to delay development 
of senescence and to inhibit growth of decay-producing organisms. 
Storage of these commodities is often complicated by the fact that 
prolonged holding at relatively low temperatures may induce the 
development of physiological disorders not ordinarily encountered 
at room temperatures. It was also pointed out in the original 
article, and has been reiterated by other authors, that many factors 
may affect the storage life of citrus fruits. Among these are type 
of soil on which produced, root stock, cultural practices, position 
of fruit on the tree, age when placed in storage, washing, waxing, 
degreening and sterilizing as well as the temperature and humidity 
of the storage rooms. The fact that there are so many prestorage 
factors which affect keeping quality of citrus fruits no doubt ac- 
counts for the divergent recommendations regarding optimum stor- 
age temperatures and maximum storage life which appear in the 
literature, not only in different parts of the world but often in 
different regions of the same country. 

The first review contained certain explanatory features which 
will not be repeated in the current paper. These included a listing 


Supplement to article in the Botanical Review 12: 393-423. 1946. 
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of species and varieties of citrus fruits which enter into commercial 
production, a description of packing house practices in this country 
and a more or less detailed discussion of physiological disorders of 
citrus fruits. 


OPTIMUM TEMPERATURES FOR STORING CITRUS FRUITS 
AND MAXIMUM STORAGE LIFI 


Fruits Produced in the Gulf States (U.S.A.) 


Winston’s recommendations (46) for citrus fruits in the Gulf 
States, originally issued in 1937, were revised in 1950. Only minor 
changes have been made in the revised edition in regard to op- 
timum temperatures for storage. Whereas in the earlier publication 
it was stated that oranges can be stored at 32° to 38° F (O° to 
3.3° C), the minimum has now been changed to 34° F (1.1° C). 
In both publications it is stated that oranges keep well in storage 
for only one or two months. However, fruit from some groves 
may keep for three or four months, or even longer. For periods 
no longer than one month or six weeks a temperature of 38° F 
has now been found satisfactory. Long storage at 32° F usually 
results in the development of physiological disorders, such as 
watery-breakdown and brown stain. 

Present recommendations for storage of grapefruit are almost 
identical with previous ones. These fruits cannot be stored satis- 
factorily at low temperatures for more than a short time because 
physiological disorders frequently develop within four to five 
weeks. A temperature of 50° F (10° C) is more suitable for 
storage of grapefruit in so far as physiological disorders are con- 
cerned, but, on the other hand, higher temperature favors the 
development of fungus diseases. With fruits produced in areas 
where decay is a problem, the use of a fungicide on stored fruit 
is recommended. 

According to Winston (46), limes can be satisfactorily stored 
for six to eight weeks at 45° to 48° F (7.2° to 8.8 C) anda 
relative humidity of 85% to 90%. 

Ryall and Buford (34) reported that 38° to 40° F (3.3 to 
4.4° C) was better than 32° to 34° F (0° to 1.1° C) for storing 
Texas-grown Valencia oranges. More pitting developed at 32° to 
34° F, and the fruit deteriorated more rapidly when removed to 
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room temperature. The maximum storage period was about 20 
weeks. Aging at the stem end was the greatest single cause of 
damage in cold storage. When great care was exercised in picking 
and handling Valencia oranges, they could be stored at 38° F for 
as long as four months without too great a loss from decay. More 
information is needed, however, in regard to methods for reducing 
aging and pitting. 

Ryall and Buford (34) reported that 46° to 50° F (7.7° to 
10° C) was better than 32° to 34° F (Oto 1.1° C) or 38° to 
40° F (3.3° to 4.4 C) for storage of Texas grapefruit. Storage 
pitting was more pronounced at 38° to 40° F. The maximum stor- 
age period was one to two months. 

Johnson, Buford and Ryall (19) conducted storage tests on 
grapefruit from both Florida and Texas. Temperature of 31° and 
38° F (0.S° and 3.3° C) for Florida Duncan and Marsh Seedless 
grapefruit afforded good control of decay, but the fruit was par- 
ticularly susceptible to Penicillium molds during a seven-day 
post-storage period. Decay was not satisfactorily controlled at 
52° F (11.1° C). Surface browning and pitting was largely con- 
fined to fruit held at 31° and 38° F, respectively. Duncan fruit 
held up better in storage than did Marsh Seedless. The latter 
showed greater loss of acidity and greater development of decay. 
watery-breakdown and internal drying. Changes in composition 
of juice of Duncan fruits during storage were not too evident. 

The following results were obtained in the experiments with 
Marsh Seedless grapefruit from Texas. Fruits could be stored suc- 
cessfully for eight, 12 and 14 weeks. Most satisfactory tempera- 
ture was 52° F. Pitting and surface browning were of minor 
importance at this temperature and less Penicillium decay devel- 
oped during post-storage handling period. Pre-storage application 
of 2,4-D (2, 4-dichlorophenoxyacetic acid) to Marsh Seedless 
grapefruit had no effect on keeping quality. 


Citrus Fruits Produced in Western U.S.A. 


Recommendations for storing citrus fruits produced in the west- 
ern part of the United States have been published by MacRill et 
al. (23). They point out that a uniform temperature of 58° F 
(14.4° C) is desirable for lemons because fluctuating and low 
temperatures are known to cause higher color and bronzing of the 
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rind. Temperatures of 52° F (11.1° C) and lower cause mem- 
branous stain and may affect flavor. Temperatures above 60° F 
(15.5° C) favor the growth of decay-producing organisms. To 
withstand transportation and different climatic conditions at the 
narkets, lemons must first be properly conditioned, or cured. 
That is, unless normal shrinkage and curing of the rind have taken 
place in storage rooms after harvest, these changes will occur 
rapidly in transit. In addition to the temperature requirements 
previously mentioned, a relative humidity of 86° to 88% should 
be maintained in the storage rooms. In some parts of California 
a lower relative humidity is more ideal. 

MacRill’s recommendations also stress the importance of ventil- 
lation and air circuiation in the storage rooms. Not only must 
the oxygen used in respiration be replaced, but respiratory prod- 
ucts must be removed. Products of respiration include not only 
carbon dioxide but it is possible for acetaldehyde to be present, 
and, if molds are growing in storage rooms, small but physio- 
logically significant quantities of ethylene may be found. The 
carbon dioxide content should not exceed 0.1%. 

Grapefruit are not stored for any extended periods in California. 
For Arizona grapefruit the storage conditions are similar to those 
recommended for lemons in this part of the country except that a 
temperature of 60° F (15.5° C) is preferred. Temperatures below 
60° F have a tendency to accelerate deterioration of grapefruit. It 
is desirable to put a coating of wax on fruits before storage. With 
this protective coating and with air conditioning, grapefruit may be 
stored for three months. The carbon dioxide content of the storage 
rooms should be kept below 0.1%. The flavor of grapefruit is 
delicately balanced and difficult to maintain. To prevent loss of 
flavor in storage, fresh air requirements should be maintained at 
all times, and storage temperature should not be allowed to fluctu- 
ate more than plus or minus 1° F. Grapefruit of low acidity (con- 
taining less than 1% anhydrous citric acid) is not considered of 
good quality. 

Decay, aging, pitting and other rind disorders of oranges are 
accelerated at warm temperatures and are reduced by refrigera- 
tion. California oranges, however, are more susceptible to low 
temperature injury than Florida fruits (30), so that recommended 
storage temperatures for California oranges are usually 35° to 37 
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F (1.6 to 2.7. C). Presence of ethylene in storage atmospheres 
is to be avoided and carbon dioxide content should be kept below 
0.1%. 

Eaks (9) observed two types of rind breakdown in stored Per- 
sian limes. One of, these was oleocellosis which was associated with 
bruising during handling. The other was surface pitting or chilling 
injury. Four weeks was the limit of storage at 40° F (4.4° C), 
and even then a certain amount of pitting developed during market- 
ing. No pitting developed on fruit held at 50° F (10° C), either 
during storage or after transfer to room temperature. Fruit held at 
50° F began to turn yellow after two or three weeks unless it had 
been previously treated with a light coating of pharmaceutical 
mineral oil. 


Other Citrus Areas 


Said (35), reporting on storage of oranges at Peshwar (Pakis- 
tan ), stated that the fruits were best picked at maturity and 


marketed immediately. This investigator found it possible to store 
Blood oranges for up to three months at 38° F (3.3° C), but did 
not recommend storage beyond that span. In like manner Cadillat 
(7) found that early in the season oranges may be stored for 
limited periods, but at the end of the season they keep only long 
enough to permit distribution to consumers. He recommended stor- 
ing oranges at 3.5° to 4.5° C and 80% to 85% relative humidity, 
with circulating air. Ildis and D’Ersu (17) found 4° C perhaps 
the best temperature for storage of Valencia oranges. Ildis and 
Travert (18) stored Clementines at temperatures ranging from 
-2° to 15° C, and a relative humidity of 80%. Color remained 
too yellow at -2~ and O°. It was normal, although sometimes too 
deep, at 5°, 10° and 15° C. Soluble solids increased slightly, and 
acidity remained constant at all temperatures investigated. 

Cadillat (7) found that pomelos seemed to develop an orange 
color when stored at low temperatures. He recommended 13° to 
17° C and 85% to 88% relative humidity for long periods; 9° 
to 10° C and 80% to 85% relative humidity for short periods. 

A physiological injury to Jamaican limes stored at low tempera- 
ture has been reported by Kidd (21). It is recommended that 
limes in this area be transported at 11.7° C. 
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CHANGES IN CONSTITUENTS DURING COLD STORAGE 


No great quantity of material has been added to aur store of 
information regarding changes in composition of citrus fruits in 
storage. Most of the recent studies tend to confirm earlier results 
in reporting only slight loss of soluble solids and acids during 
storage with perhaps a loss of ascorbic acid which is larger but not 
too much larger than that of the other constituents. A little differ- 
ent approach has been made by Mehanik (24) in his studies of 
acidity and keeping quality. He points out that during ripening of 
citrus fruits the buffer capacity increases in the zone of pH 3.3 to 
4.8. This increase in buffer capacity accompanies a decrease in 
acidity and an increase in pH. Similar changes occur in the juice 
after fruits have been stored for 1.5 months at 10° to 18° C. 
After that storage period the total acidity drops, pH rises and 
there is a lowering of buffer capacity. 

Shelaputin and Bocharova (36) have shown that decrease in 
acid is accompanied by an increase in aldehyde and alcohol con- 
tent in Mandarins stored at 3° and 5° C and in oranges stored at 
1.5°, 3° and 9° C. That aldehyde and alcohol accumulates in 
stored fruits, including citrus, was reported some years ago (26). 


RESPIRATION 


Citrus fruits respire at a lower rate than do most other fruits 
and vegetables. The ascending order of the rates for several species 
of citrus has been given as follows (15): grapefruit, Valencia 
oranges, lemons, Navel oranges. Factors which affect respiration 
are in general identical with those which affect keeping quality. 
It is general knowledge that respiratory rate of plants increases 
with rises in temperature and that this principle holds for harvested 
fruits and vegetables (15, 30). Investigators have shown this to 
be true for lemons, grapefruit and oranges in the temperature 
range of 32° F to 80° F (0° to 26.6° C). Fruit which has been 
injured by exposure to cold weather or to extreme heat may have 
a higher respiratory rate than normal (23). Freezing temperatures 
also have been reported to increase the respiration rate of lemons 
and oranges. Gonzalez (10) held lemons at —7° C for one, two, 
four and six hours before storing at 20° C. The rate of respiration 
increased 80°, 136%, 112% and 179% for the lots held at 
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one, two, four and six hours, respectively. Navel and Valencia 
oranges showed a similar response. 

Melitskii and Tsekhomshaya (25) state that storage of oranges 
and tangerines at 3° or 6° C lowers respiration level and retards 
uptake of oxygen. This causes an increase in the CO./Oz ratio by 
40% to 50%. The end result is that respiration becomes depen- 
dent upon utilization of organic acids which in turn accounts for 
poorer taste quality of fruit stored at low temperatures. Increased 
storage temperature increased the content of ethyl alcohol. These 
workers report that tangerines have a higher respiratory rate than 
oranges or lemons. Rubin et al. (31) believe that keeping quality 
of citrus fruits in storage is related to degree of resistance to 
anaerobic metabolism. Respiration studies were conducted on 
tangerines in three stages of ripening: green, green-yellow and 
ripe. At 20° the green-yellow specimens showed the highest rate of 
respiration. Green specimens gave the highest at 30° C, and when 
the temperature was lowered below 20° the respiratory activity 
was lowered, too, but the proportion of anaerobic processes in- 
creased. Ripe fruit had a lower respiration rate and yielded a 
higher level of anaerobic processes on warming to 30° C. Respira- 
tion is most stable in green-yellow fruits, even under unfavorable 
conditions. The latter type is most resistant to mold growth. In 
lemons the resistance to anaerobic processes increases with matur- 
ity until they attain the light yellow stage. Internal atmospheres 
of both lemons and tangerines were almost devoid of oxygen but 
were rich in carbon dioxide. The O2/CO, ratio rises as fruit ripens 
—from 1.02 to 1.53 in tangerines, and from 0.53 to 1.35 in 
lemons. The low value shown by green lemons corresponds to a 
high level of citric acid, which is a typical product of anaerobic 
metabolism. 

Rubin et al. (32) report that the respiration rate of Mandarins 
attains it maximum when the fruits are in the green-yellow stage of 
maturity. The ratio O./CO, dissolved in the pulp of Mandarins 
gave these values: green, 1.02; greenish yellow, 1.42; orange, 
1.53. This ratio in the pulp of lemons rises from 0.53 in green to 
1.44 for greenish-yellow fruits and falls to 1.35 in yellow lemons. 

It has been claimed by some investigators (33) that the degree 
of resistance of fruits to spoilage depends upon their ability to 
accelerate oxidative processes. It is concluded by these workers 
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that fruits with good keeping properties are characterized by the 
ability of their oxidizing systems to react quickly and energetically 
to physiological irritation. 


Effect of Fungal Infections on Respiration 


Studies on the effect of fungi on respiration have been ex- 
tended by Biale (2) who worked with lemons of several different 
color grades and made observations on fruits at different periods 
throughout their storage life. The fruits were exposed to a stream 
of spore-free air drawn over a lemon infected with green mold. 
Increase in respiration due to active emanations from the moldy 
fruit was higher in grades with longer storage capacity than with 
fully yellow lemons. The maximum percentage response was as 
follows: dark green fruits, 100; light green, 82; silver. 55; tree 
ripe, 46. Exposure to the vapors of a moldy lemon lower:d the 
keeping quality of fruits in all color grades. It was estimated that 
the amount of ethylene produced by one moldy fruit in 24 hours 
was ().9 milliliter. Sound lemons in the test had therefore been 
subjected to a concentration of two ppm of ethylene. 

Rubin et al. (33) reported that damaging Mandarins by cutting 
them increased respiration only 20% to 25%, whereas with lemons 
under similar conditions, the increase was six-fold. Oranges gave 
intermediate results. Introduction of 0.1 gm. solution of Penicil- 
lium spores into the Mandarins did not cause any marked increase 
in respiration. Similar treatment of lemons caused a 220% to 
240% increase in respiratory rate. 

For a time the belief was held that diphenyl, a well-known 
fungistat, serves to retard respiration of citrus fruits. Studies by 
Harvey and Sinclair in 1953 (14) produced inconclusive results 
in regard to the effect of this compound on respiration in oranges. 
Somewhat later Eaks (8) reported a small but significant increase 
in respiratory rate of both lemons and oranges in the presence of 
biphenyl vapor. In one series of experiments Eaks made a scratch 
on the fruits and then inoculated them with blue- and green-mold 
spores. As would be expected, the respiration rate of these fruits 
was abnormally high. But when injured and inoculated fruits were 
exposed to biphenyl vapors, the respiration rate remained essen- 
tially the same or increased only slightly during the experiment. 
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ETHYLENE 

During the past ten years a number of questions have been 
raised regarding the physiology of citrus fruits in storage. Do 
citrus fruits experience a respirational climacteric as is true of 
many other fruits? |s native ethylene a product of ripening proc- 
esses or is it the causal agent in ripening? And do normal citrus 
fruits evolve ethylene or is it produced only by those fruits which 
are infected with certain fungi? 

Biale and co-workers (5) state emphatically that citrus fruits 
do not show the climacteric rise at ordinary temperatures and 
under normal atmospheric conditions. These investigators report 
a rise in the respiratory rate of lemons which were subjected to_ 
concentrations of oxygen higher than that in air, but they do not 
feel that this rise was a typical climacteric. This work is described 
later. Regarding ethylene emanations and ripening, it is known 
that with fruits in general, a low rate of carbon dioxide production 
is associated with low or no ethylene evolution, and that likewise 
higher rates of ethylene production are more or less correlated 
with higher rates of respiration. On the other hand, results of 
investigations in California (5) suggest that the ethylene-produc- 
ing mechanism might be affected by factors which leave overall 
respiratory processes intact. 

The matter of whether or not citrus fruits normally evolve 
ethylene has been the subject of considerable discussion in recent 
years. Biale and co-workers (5) state that mature citrus fruits, 
free from mold, co not evolve ethylene in measurable quantities. 
They were apparently misquoted in the previous review. These 
investigators reported that lemons and oranges at 15°, 20° and 
25° C produced no effect on etiolated pea seedlings (a test for 
ethylene), but a response was obtained in some instances when 
the fruit was placed in 100% oxygen. Using a manometric tech- 
nique developed earlier (44), it was shown that 56 microliters of 
ethylene were produced per kilogram of Valencia oranges in 24 
hours in pure oxygen. It is to be emphasized that no ethylene was 
detected when the fruits were stored in air. The authors state: 
“It is our contention that any proof for the production of ethylene 
by citrus fruits has to be based not only on the use of proper meth- 
ods but must be accompanied by convincing evidence that the 
sample was at all times free of ethylene-producing molds”. 
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It is now well established that the fruit-rotting fungus Penicil- 
lium digitatum, does produce ethylene. First reports to this effect 
were based on more or less circumstantial evidence in that the 
presence of this gas was indicated either by non-specific biological 
tests or by the effect on respiration. In 1950, however, ethylene 
was identified as a by product of Penicillium digitatum, using a 
proven chemical method (43). This consisted of concentrating the 
gas in mercuric chlorate, then releasing it into bromine. The 
ethylene dibromide thus formed was then converted to N,N’- 
Diphenylethy!enediamine. The latter compound was identified by 
comparing the melting point of the crystals obtained with that of 
pure crystals of a commercial preparation of the same compound. 

A rather unique viewpoint in regard to ethylene emanations has 
been expressed by Williamson and Dimock (45). They state that 
stimulated ethylene production appears to be associated with aging, 
diseased or dying cells. The propounders of this theory conducted 
studies on a large number of diseased plants and concluded that 
certain symptoms of disease, such as yellowing or early abscission 


of infected leaves, may be brought about by the large amount of 
ethylene which is produced by the disease. These views and those 
of Biale et al. suggest that the topic of ethylene emanations by 
fruit should be reinvestigated to determine whether normal fruits 
of any kind, free of fungal contamination, are capable of evolv- 
ing ethylene. 


Ethylene Degreening 

It is still customary under certain cirsumstances to treat citrus 
fruits with minute amounts of ethylene for the purpose of degreen- 
ing them, i.e., removing the green pigments from the rind (47). 
Practically no changes have been introduced into the method since 
it was described in the earlier review (26). Although the effect of 
ethylene on internal quality of citrus fruits is only slight, it is 
recognized that prolonged treatment with the gas, especially under 
the conditions of temperature and humidity which are required 
in the process, serve to stimulate the development of stem-end 
decay. Grierson and Newhall (11) found a certain correlation 
between ethylene treatment and decay in Temple oranges, tanger- 
ines, Duncan grapefruit and Valencia oranges. Temple oranges 
were especially sensitive to both concentration of the gas and 
duration of the treatment. A certain amount of epidermal injury 
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to tangerines and Temple oranges was associated with ethylene 
treatment. Loucks and Hopkins (22) has previously reported that 
ethylene treatment increased Diplodia but not Phomopsis decay. 
Rakitin (28) states that use of ethylene in the ripening of fruits 
increases the activity of carboxylase and cocarboxylase. 


MODIFIED ATMOSPHERES 


Studies of modified atmospheres (controlled concentrations of 
CO., O, and ethylene) have continued to interest physiologists 
and it might be added that a better understanding now exists in 
regard to the requirements of citrus fruits in this type of storage. 
It has been reported that Valencia oranges produced a minium 
amount of carbon dioxide when the oxygen level was between 
2.5% and 5%. Rate of carbon dioxide evolution increased both 
above and below this range in percentage of oxygen. At oxygen 
levels below the critical value, fermentation (anaerobic metabol- 
ism) occurs, with the result that acetaldehyde and alcohol accumu- 
late in the tissues. Oxygen concentration of the storage atmosphere 
should be kept above 5% to prevent fermentation. Biale’s studies 
(6) with modified atmospheres indicated that the storage life of 
lemons could be prolonged by use of the proper mixture of oxygen 
and carbon dioxide. The best combination was 10% carbon diox- 
ide and 5% oxygen. Controlled atmosphere lowered respiration 
rate, retarded color changes and decreased incidence of decay. 
Introduction of 10 ppm of ethylene to the storage atmosphere 
hastened the coloring of green lemons in air, but the coloring was 
retarded by carbon dioxide, especially when 10% was present. 
In other words the general effect of CO, was to nullify the effects 
of ethylene. These studies were conducted at 68° F (20° C). 

Harvey (13) states that not enough CO, accumulates in com- 
mon storage to injure lemons but that other emanations of molds 
and of the lemons themselves can become injurious to lemons dur- 
ing long storage. 

Rubin et al. (32) found that when Mandarins and lemons were 
stored in atmospheres containing 75% oxygen, subsequent spread 
of Penicillium italicum infection was retarded. An atmosphere of 
nitrogen or 8 carbon dioxide accelerated the spread of this 
fungus. 
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EFFECTS OF PRESTORAGE TREATMENTS 

It has been mentioned previously that the storage life of citrus 
fruits may be greatly influenced by the past history of the fruits. 
The effect of degree of maturity has been studied by Tindale and 
Peggie (42) in Victoria. Washington Navel oranges were stored 
from an early (June), a midseason (July) and a late (August) 
harvest. Early-picked fruit was more susceptible to storage dis- 
orders than late-picked fruit. Judged by loss of flavor, the maxi- 
mum storage life of early-picked oranges was three months at 45 
F (7° C); that of midseason fruits was three months at 40° F 
(4° C); while the late-picked fruit lasted only two months at 
40° F. Storage disorders developed in oranges from all three 
harvests after one and a half months at 35° F (2° C). Twenty 
more weeks at 32° F (O° C) caused cold injury with rapid decline 
in flavor and an increased susceptibility to molds. 

Valencia oranges in Texas harvested in mid-May (34) have 
held up in storage as well as those picked in mid-April. It has 
been suggested that Texas Valencia oranges might be harvested 
even later than carly May, which was the last date of the tests in 
Texas. 

Texas grapefruit of the first picking (34) held up better in 
storage than those of the second picking, in so far as pitting was 
concerned. Fruits from both harvests developed about the same 
amount of decay in storage, but when stored at a lower tempera- 
ture (32° F) more decay developed in fruits of the second picking. 
The authors did not believe it practicable to extend the storage 
period of Texas grapefruit into the summer. After eight to nine 
weeks in storage the highest percentage of pitting was found at 
38° to 40° F and the lowest at 46° to 50 F. Pitting at 32° to 
34° F was intermediate. Most of the pitting which occurred at 
46° to 50° could be considered of the mild type, whereas that at 
the lower temperatures was classified as moderate to severe. Aging 
around the stem end occurred at all temperatures but was more 
pronounced at 50° F. The least decay was at 46° to 50° F. 

Hopkins and Loucks (16) reported that when oranges were 
held for about 72 hours in a coloring room at 86° F (30° C) 
and 90% relative humidity, there resulted a “curing” effect which 
made the fruit less susceptible to decay by Penicillium. This was 
accomplished with or without the presence of ethylene. Additional 
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tests conducted with low relative humidity indicated that the curing 
effect is not caused solely by a drying out of the rind. 

Harding (12) found that curing for one week at 50° or 70° F 
(10° or 21.1° C.) was not effective in reducing the amount of 
decay in oranges during one week at 70° F following cold storage. 
The cold storage treatment following the curing consisted of eight, 
12 or 16 weeks at 32° or 38° F. Somewhat more decay developed 
in the cured lots. A general decrease in storage pits and aging re- 
sulted from the curing at 70° F. 

Not only prestorage but also preharvest treatments have been 
shown to markely affect the keeping quality of citrus fruits. Stew- 
art and associates (37-40) lengthened the storage life of oranges, 
lemons and grapefruit by spraying the trees with 2,4-dichloro- 
phenoxyacetic acid (2,4-D) and 2,4,5-trichlorophenoxyacetic acid 
(2,4,5-T). Normal vitality of the treated fruit was maintained 
over a longer period of time than that of non-treated fruit. The 
spray was effective when applied as long as five or six months 
before harvest. The method consisted of drenching the trees 
with eight or 25 ppm of 2,4-D. Similar results were obtained when 
2,4-D treatment was appiied in the packing house in a lanolin 
emulsion, in a waxing solution or as a vapor. In the case of lemons 
the increase in storage life resulted primarily from a decrease in 
the amount of fruit which developed “black button” and Alternaria 
rot. Use of the two phenoxyacetic acids on lemons caused a re- 
duction in water loss and delayed development of yellow rind 
color in storage. Interaction of 2,4-D and 2,4,5-T with nitrogen 
trichloride caused an undesirable rind stain. 

Kessler and Allison (20) have also reported that black button 
and Alternaria decay was nearly eliminated by dipping lemons in 
aqueous solutions of 2,4,-D (100 to 1000 ppm). The treatment 
had no effect on development of membraneous stain, but it pre- 
vented the dropping of buttons and improved the color of the fruit. 


CONCLUSIONS 


During the past ten years a number of rather marked changes 
have taken place in the methods of handling and marketing citrus 
fruits. At the beginning of this ten-year period the wire-bound 
crate was largely replacing the standard orange box in certain 
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producing areas in this country. With the introduction of the wire- 
bound crate the practice of wrapping each fruit was usually dis- 
continued. This meant that fungicides and fungistats, normally 
applied to the paper wraps, must now be placed either on the 
fruits themselves or applied to cardboard liners. At the present 
writing still another type of package is coming into use. This is 
the cardboard carton which has been already used to a large 
extent in shipping a number of other fruits. The latter type of 
package has created problems in regard to ventilation and heat 
exchange of the commodity in refrigerated transportation. 

Likewise the relatively new practice of prepackaging citrus fruits 
in consumer units at point of origin has introduced new problems. 
The loading of railroad cars with oranges and grapefruit in mesh 
bags demands new techniques to avoid damage to the fruit in 
transit. When the consumer unit consists of plastic bags, a high 
relative humidity within the package will increase the incidence 
of decay, while depletion of the atmosphere of oxygen and accu- 
mulation of carbon dioxide are likely to produce physiological 
disorders. 

The introduction of the frozen concentrated juices constitutes one 
of the most radical changes in marketing citrus fruits that has oc- 
curred during the past ten or 15 years. This has tended to stabilize 
the market in that surplus crops may be stored as concentrate and 
released when the market is no longer glutted with fresh fruit. But 
the introduction of frozen concentrate has not eliminated the prob- 
lems encountered in storage and transport of citrus fruits. Some- 
times the responsibility for storing fresh fruit is shifted to the 
processor in areas of production instead of the merchant at the 
terminal market. And despite the popularity of frozen concentrate 
there still exists a demand for fresh citrus fruits; this involves 
storage and transportation of the commodity as in the past. A 
number of varieties of citrus fruits do not lend themselves to 
processing in the form of concentrated juices. We still have the 
problem of controlling physiological disorders of fresh citrus fruits 
during export of these commodities to foreign countries. 

It is apparent that these are changing times. It must be equally 
evident, however, to the young research worker entering the field 
of physiology that changing times not only have carried with them 
many of the old problems but have also added new ones. 
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This reviewer is left with the impression that we have not made 
very much progress either in the development of methods for the 
control of fungus diseases or in the prevention of physiological 
disorders of citrus fruits in storage. The pathologist is confronted 
with the difficulty of finding an effective fungicide which is at the 
same time innocous to the host and free from hazards to the 
health of the consumer. The physiologist, in his attempt to prevent 
physiological disorders, may or may not be confronted with the 
same difficulty, depending upon his method of approach. It 
would seem that in the past, considerable attention has been given 
to the study of critical temperatures and to the effect of modified 
atmospheres, rather than to fundamental changes in the physiology 
of the cell of the disordered fruit. The former approaches are no 
less important and they have served to contribute to a better un- 
derstanding of our problems, but it seems that now the time for a 
different approach has arrived. Until we know more about the fun- 
damental physiology of low temperature disorders we cannot hope 
to make much progress in the area of prevention. Once we do have 


this information it is possible that the new methods of prevention 
will involve the use of substances which we term “antimetabolites”. 
An example of some of the possibilities in this field is the use of 
the phenoxyacetic acids in prestorage treatment of citrus fruits. 
But far more important are the fundamental investigations which 
must precede the selection and application of the particular sub- 
stance or compound. 
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